INTRODUCTION {#sec1}
============

The burden of influenza-associated morbidity and hospitalization falls disproportionately on the elderly. Among U.S. persons ≥65 years of age, 4 to 5 times greater rates of influenza-associated hospitalization have been reported than in the general population ([@B1]). Influenza-associated mortality among U.S. persons ≥75 years of age in the 10 influenza seasons from 1997--1998 to 2006--2007 averaged 141.15 per 100,000, compared to 11.78 per 100,000 for all age groups ([@B2]). Vaccination is considered the most effective strategy for the prevention of influenza, and vaccines targeted specifically for this population have been developed ([@B3]). However, low rates of detectable influenza in the elderly and ethical requirements for an active comparator have meant that randomized trials to assess the clinical efficacy of these vaccines have been very large---44,000 and 32,000 subjects ([@B4], [@B5]). Improved understanding of the relationship between the immune response to vaccination as measured by immunological assays and subsequent occurrence of influenza illness in the elderly would further facilitate efforts to prevent influenza in this population through vaccination.

Here are reported the immunogenicity and correlates of protection results from one such efficacy trial, which compared a high-dose influenza vaccine with a standard-dose vaccine in 32,000 subjects aged ≥65 years.

Hemagglutination inhibition (HAI) antibody titers are believed to provide the best measure of protection against influenza ([@B6]), and elderly persons have been shown to have reduced immune response to vaccination as measured by HAI fold rise and to achieve, on average, lower levels of antibody as measured by geometric mean titers (GMTs) ([@B7], [@B8]). Candidate novel vaccines for the elderly have elicited higher HAI titers ([@B4], [@B9], [@B10]), in some cases approaching levels comparable to those seen in younger adults ([@B11]), and improvements in efficacy and effectiveness relative to standard inactivated trivalent vaccine have been seen ([@B4], [@B5], [@B12]).

A number of studies have quantified HAI protective titers in adults and healthy children. In an analysis of 12 such studies, de Jong et al. estimated titers for 50% protection to range from 15 to 65, despite differences in study design, immunological background, titration techniques, virus (sub)types, source of antibody (natural infection, vaccination), source of challenge (natural infection, experimental), and case definition; the median 50% protective titer was 28 ([@B13]). In a meta-analysis of 15 studies including 5,899 adult subjects and 1,304 influenza cases, Coudeville et al. estimated the overall 50% protective titer to be 17 (95% confidence interval \[CI\], 10, 29) ([@B14]) and, in a reanalysis of data from the classic Hobson et al. study ([@B15]), found such titer to be 29 (95% CI, 5, 195). From the same data, de Jong et al. calculated a titer for 90% protection of 192, and Coudeville\'s analysis indicated additional benefit becoming marginal above a titer of 150.

It has more recently been suggested that a protective HAI titer of 110 corresponds to 50% protection in children ([@B16]). However, information on protective HAI titers in the elderly is sparse, and it is not known if the generally accepted protective titer of 40 for younger adults is equally applicable in this older population.

Virus neutralization is a highly sensitive and specific method for detecting antibodies that inhibit virus entry or release and has the advantage of directly measuring functional virus neutralization; typically a microneutralization assay is used, and it has been considered superior to HAI for the detection of antibody response to some pandemic vaccines ([@B17]). A comparison of HAI and microneutralization responses to seasonal vaccine found a strong correlation between the assays (Pearson *r*, 0.75 to 0.87); however, microneutralization demonstrated greater fold-rise and seroconversion rates than HAI, suggesting that it may better measure vaccine response and so correspond more closely with vaccine efficacy ([@B18]). No standard microneutralization titer for 50% protection has been recognized.

Whereas hemagglutinin (HA) antibody is thought to inhibit infection by binding to the virus, neuraminidase (NA) antibody may act by impeding the release of virus from infected cells, reducing the severity of illness in some cases to asymptomatic levels ([@B17]). In a detailed study of protection against pandemic H1N1 in adults 18 to 49 years old, levels of serum and nasal antibody to hemagglutinin and neuraminidase were shown to be highly statistically significant in predicting both infection and infection with illness in univariate analyses. In multivariate analyses, serum antihemagglutinin and antineuraminidase were shown to be independently significantly predictive; further, among those infected, serum antineuraminidase was shown to be significantly predictive of illness, whereas serum antihemagglutinin only approached significance ([@B19]).

There is a need both to better understand HAI correlates of protection in the elderly and to explore assays reflecting different aspects of immune protection that may be relevant to the development of new and improved influenza vaccines; a recent influenza vaccine efficacy trial in the elderly provided the opportunity to investigate these topics.

MATERIALS AND METHODS {#sec2}
=====================

The efficacy trial has been described elsewhere ([@B5]). Briefly, it was a phase IIIb/IV, multicenter, randomized, double-blind, active-control trial conducted in adults aged 65 years and older over two influenza seasons. In year 1, 2011--2012, 14,500 eligible subjects were enrolled, and in year 2, 2012--2013, 17,489 eligible subjects were enrolled; subjects who had enrolled in year 1 were allowed to reenroll in year 2. Each year, subjects were randomized 1:1 to two treatment groups, receiving either high-dose inactivated influenza vaccine (IIV-HD) or standard-dose inactivated influenza vaccine (IIV-SD) before the start of the influenza season. The trial found that IIV-HD reduced the rate of influenza illness by 24.2% relative to IIV-SD for the primary endpoint case definition and by 18.3% to 51.1% for other case definitions.

The trial was approved by three institutional review boards (Quorum Review IRB, Western Institutional Review Board, and Vanderbilt University Institutional Review Board), and all subjects gave written informed consent. IIV-HD was Fluzone High-Dose (Sanofi Pasteur), and IIV-SD was Fluzone (Sanofi Pasteur).

IIV-HD contained 60 μg and IIV-SD contained 15 μg of hemagglutinin of each of the three strains of influenza virus specified by the U.S. Food and Drug Administration for inclusion in the year\'s vaccine. For year 1, the strains were A/California/7/2009 (H1N1), A/Victoria/210/2009 (H3N2), and B/Brisbane/60/2008, and for year 2 A/California/7/2009 (H1N1), A/Victoria/361/2011 (H3N2), and B/Texas/6/2011 (a B/Wisconsin/1/2010-like virus).

Each year, beginning 14 days after vaccination, active and passive surveillance for respiratory illness was conducted until the end of the influenza season. Subjects exhibiting any of seven respiratory symptoms (experiencing a respiratory illness \[RI\]) provided nasopharyngeal swabs within 5 days of symptom onset for laboratory detection of influenza, and they were monitored for 30 days to record other symptoms of influenza-like illness.

Laboratory-confirmed influenza was defined by a swab positive for influenza by culture or PCR. Culture-positive swabs were tested by hemagglutination inhibition with ferret antisera to determine antigenic similarity to a vaccine strain. A protocol-defined influenza-like illness (PD-ILI) was defined as one or more of the symptoms sore throat, cough, sputum production, wheezing, or difficulty breathing concurrent with one or more of the following symptoms: temperature of ≥37.2°C, chills, tiredness, headaches, or myalgia. A modified Centers for Disease Control and Prevention-defined influenza-like illness (CDC-ILI) was defined as sore throat or cough concurrent with temperature of ≥37.2°C.

Twenty-eight to 35 days after vaccination, a random subset of one-third of subjects provided blood samples for immunogenicity and correlates of protection assessment. All samples were tested by HAI for antibodies to the strains of virus in the vaccines. Two hundred fifty subjects who had provided blood samples developed laboratory-confirmed influenza, and of these, 152 developed A/H3N2 influenza in year 2. Therefore, the investigation of the correlates of protection examined the relationship between these cases and HAI, neutralization, and neuraminidase assays of year 2 samples, as there were insufficient cases of other types/subtypes and year to yield reliable results.

A/H3N2 was the predominant circulating subtype in year 2, but the circulating virus was a poor antigenic match to the vaccine virus ([@B20]). Although antigenic mismatch between vaccine and circulating viruses is generally the consequence of virus antigenic drift, for this particular influenza season the antigenic mismatch was related to mutations in the egg-propagated A/Victoria/361/2011 reference virus used as the vaccine seed. In contrast, the majority of A/H3N2 circulating viruses tested by public health authorities for this season remained antigenically similar to the cell-propagated reference A/Victoria/361/2011 virus. Egg-propagated reference viruses differed from cell-propagated reference viruses by the following amino acid substitutions: H156Q, G186V, and S219Y ([@B21]).

Samples from the 152 subjects who were year 2 A/H3N2 cases and who had consented to further testing of their samples (123 subjects), together with 552 randomly selected consenting noncases (selected from the 5,599 A/H3N2 noncases of year 2; a case-cohort design \[[@B22]\]) were assayed by HAI for antibody to the circulating A/H3N2 virus, by neutralization test (NT) against both the vaccine and circulating viruses, and by an enzyme-linked lectin assay (ELLA) for antineuraminidase N2 antibodies. A flowchart of the subjects enrolled and the assays conducted is shown in Fig. S1 in the supplemental material.

Sera to be tested in the influenza virus HAI assay were tested in 2 independent runs. Samples were first heat inactivated and pretreated with neuraminidase to eliminate the nonspecific inhibitors and the anti-turkey red blood cell (anti-TRBC) hemagglutinins, which may interfere with the test results. The treated serum samples were then serially titrated, starting at a 1/10 dilution, and incubated with 4 hemagglutinating units/25 μl of either vaccine virus (egg-grown PR8 reassortant of each vaccine strain) or the year 2 circulating A/H3N2 virus (Madin-Darby canine kidney \[MDCK\] cell-grown A/Victoria/361/2011). After incubation at 37°C for 1 h, a 0.5% TRBC suspension was added to the plates and was incubated at ambient temperature for an additional hour. Plates were then read using the tilt method, and the HAI titer was assigned as the reciprocal of the highest serum dilution that exhibited complete inhibition of hemagglutination. The geometric mean titer of both independent runs was used to determine the final titer.

The influenza virus neutralization test (NT) is an *in vitro* functional assay that measures the level of influenza virus neutralizing antibodies in human sera. This NT is based on the ability of neutralizing antibodies against influenza virus to inhibit the infection of MDCK cells with influenza virus. Twofold serially diluted, heat-inactivated sera were preincubated with 100 50% tissue culture infectious doses/50 μl of either the year 2 A/H3N2 vaccine virus (egg-grown PR8 reassortant of A/Victoria/361/2011) or the year 2 circulating A/H3N2 virus (MDCK cell-grown A/Victoria/361/2011) prior to addition of MDCK cells. Following overnight incubation, the cells were fixed and cell infection was determined by measuring the presence of influenza A virus nucleoprotein by enzyme-linked immunosorbent assay (ELISA). The absence of infectivity constitutes a positive neutralization reaction and indicated the presence of influenza virus-specific neutralizing antibodies in human sera. The endpoint of the assay was expressed as the titer (1/dilution) and was calculated by the intersection of the neutralization test sample optical density (OD) curve with the line representing the 50% neutralization point of the virus control ODs.

The N2 ELLA was based on the method described by Lambre et al. and Couzens et al. ([@B23], [@B24]). The ELLA measures neuraminidase (NA) inhibiting antibody by quantifying enzyme activity using peanut agglutinin (PNA) to bind to terminal galactose moieties that are exposed after NA-mediated enzymatic cleavage of fetuin. Briefly, serial dilutions of sera and a standard amount of H6N2 virus reassortant (N2 from A/Victoria/361/2011) were added to duplicate wells of a fetuin-coated 96-well plate. This mixture was incubated overnight, and the next day peroxidase-conjugated PNA was added to the washed plate followed by steps in which color is developed. The absence of color indicates inhibition of NA activity due to the presence of NA-specific inhibiting antibodies. The titer was assigned as the reciprocal of the last dilution with an OD equal to or less than the midpoint between the mean OD of the virus-only control wells and the mean OD of the background wells on each plate.

Statistical methods. {#sec2-1}
--------------------

The immunogenicity of the vaccines was assessed by calculating geometric mean titers (GMTs) for each assay and treatment group, together with GMT ratios and 95% two-sided confidence intervals based on the *t* distribution.

The correlates of protection analysis assessed the five assays: HAI assay for antibody to the A/Victoria/361/2011 (H3N2) vaccine virus, HAI assay for antibody to the A/Victoria/361/2011 (H3N2) circulating virus, NT against the A/Victoria/361/2011 (H3N2) vaccine virus, NT against the A/Victoria/361/2011 (H3N2) circulating virus, and ELLA for antibody to neuraminidase N2. The analysis investigated protection against six case definitions: laboratory-confirmed influenza associated with an RI, laboratory-confirmed influenza associated with a PD-ILI, laboratory-confirmed influenza associated with a CDC-ILI, antigenically similar influenza associated with an RI, antigenically similar influenza associated with a PD-ILI, and antigenically similar influenza associated with a CDC-ILI. The correlates of protection statistical analysis broadly followed the framework of Qin and Gilbert ([@B25], [@B26]).

Logistic regression was first used to confirm that rates of influenza illness decreased with increasing titer, i.e., that each assay could be considered a correlate of risk as defined in the framework for each case definition. To compare the strength of the associations between assays and case definitions, log-transformed titers were centered and standardized by subtracting the mean and dividing by the standard deviation before being entered into the logistic regression.

The surrogacy value of each assay---the degree to which it might substitute for the observation of clinical illness---was evaluated by two similar methods. The Prentice criterion for a surrogate endpoint, which posits that the probability of disease at a given titer should be independent of treatment group ([@B27]), was tested by multiple logistic regression. The method for determining the proportion of treatment effect explained ([@B28]) was used to quantify the extent to which assay titer explained the observed difference in rates of influenza illness between the two treatment groups, IIV-HD and IIV-SD.

Protection curves estimating the level of protection at each assay titer were calculated using the scaled logit model and extensions, which incorporate both protection related to assay titer and exposure ([@B29], [@B30]). Goodness-of-fit of models were assessed by the method of Hosmer and Lemeshow ([@B31]); models with goodness of fit less than 0.5 were considered unreliable and results were not reported. From the protection curve for each assay and case definition, titers for 50% and 80% protection were estimated, and 95% confidence intervals (CIs) were calculated by bootstrapping. The proportion of subjects with titers falling within the 95% CI of the titer for 50% protection was calculated, which provides a scale-free measure of the precision of the estimate and may be regarded as a measure of the utility of the estimate. Relative vaccine efficacy predicted by the models was compared to the efficacy observed.

All statistical methods took into account the case-cohort design for the relevant assays; results are reported for the full (intent-to-treat) analysis set.

RESULTS {#sec3}
=======

Geometric mean titers are shown in [Table 1](#T1){ref-type="table"}. All titers were consistently higher for IIV-HD than for IIV-SD, with GMT ratios ranging between 1.42 and 1.96. HAI titers against the year 2 A/H3N2 vaccine virus were higher than against the A/H3N2 circulating virus, though for the latter the titer induced by IIV-HD remained significantly higher than that induced by IIV-SD. Unexpectedly, the assayed NT titer against the vaccine virus was lower than against the circulating virus.

###### 

Postvaccination geometric mean titers

  Yr, assay, strain, virus type                                  Value(s) for each treatment group   GMT ratio (95% CI)                                          
  -------------------------------------------------------------- ----------------------------------- ------------------------- ------- ------------------------- -------------------
  HAI assays                                                                                                                                                     
      2011--2012, HAI, A/California/7/2009 (H1N1), vaccine       2,375                               481.75 (457.69, 507.07)   2,382   271.84 (257.40, 287.10)   1.77 (1.64, 1.91)
      2011--2012, HAI, A/Victoria/210/2009 (H3N2), vaccine       2,375                               685.53 (651.43, 721.42)   2,382   349.85 (332.09, 368.57)   1.96 (1.82, 2.11)
      2011--2012, HAI, B/Brisbane/60/2008, vaccine               2,375                               138.07 (132.16, 144.23)   2,382   97.55 (93.26, 102.03)     1.42 (1.33, 1.51)
      2012--2013, HAI, A/California/7/2009 (H1N1), vaccine       2,879                               406.95 (390.17, 424.45)   2,872   227.40 (216.85, 238.46)   1.79 (1.68, 1.91)
      2012--2013, HAI, A/Victoria/361/2011 (H3N2), vaccine       2,879                               459.97 (440.80, 479.96)   2,872   252.78 (241.64, 264.43)   1.82 (1.71, 1.94)
      2012--2013, HAI, B/Texas/6/2011, vaccine                   2,879                               98.20 (94.52, 102.04)     2,872   61.79 (59.44, 64.22)      1.59 (1.51, 1.68)
      2012--2013, HAI, A/Victoria/361/2011 (H3N2), circulating   317                                 49.60 (44.35, 55.47)      356     33.59 (30.04, 37.56)      1.48 (1.26, 1.73)
  NT assays                                                                                                                                                      
      2012--2013, NT, A/Victoria/361/2011 (H3N2), vaccine        318                                 218.3 (193.6; 246.0)      357     142.3 (126.1; 160.5)      1.53 (1.29; 1.82)
      2012--2013, NT, A/Victoria/361/2011 (H3N2), circulating    318                                 506.7 (441.2; 581.9)      357     288.9 (249.3; 334.9)      1.75 (1.43; 2.15)
  ELLA                                                                                                                                                           
      2012--2013, N2 ELLA, N2 from A/Victoria/361/2011           318                                 54.55 (49.11; 60.59)      357     38.34 (34.49; 42.62)      1.42 (1.23; 1.65)

For all five assays included in the analysis of correlates of protection, increasing titer was strongly associated with reduction in occurrence of A/H3N2 influenza illness for all six case definitions, as shown in Table S1 in the supplemental material. The HAI assay using the circulating virus was consistently more strongly associated with influenza illness than the assay using the vaccine virus. Similarly for the neutralization assays, the assay using the circulating virus was consistently more strongly associated with influenza illness than the assay using the vaccine virus. The neuraminidase assay was strongly associated with the three antigenically similar case definitions.

The assessment of surrogacy value of assays by the Prentice criterion found that for none of the 30 combinations of assay and case definition did the *P* value for the effect of treatment on clinical illness reach statistical significance when assay titer was also included in the model (two-sided *P* value range, 0.12 to 0.98), demonstrating for each assay that titer was an acceptable surrogate for treatment for the purpose of predicting influenza illness and justifying pooling across treatment groups in the assessment of correlates of protection.

The surrogacy value of each assay was also assessed by the method for determining the proportion of treatment effect explained; the results are shown in [Table 2](#T2){ref-type="table"}. (Note that the proportion of treatment effect on clinical illness explained by assay titer can sometimes exceed 1, because titer is a continuous variable with more ability to explain outcome than treatment group, a dichotomous variable.) As might be expected, the HAI and NT assays using the circulating virus better explained the effect of treatment on influenza illness than the corresponding assays using the vaccine virus. The neuraminidase assay was somewhat less explanatory of treatment effect than the HAI and NT assays.

###### 

Proportion of treatment effect on A/H3N2 influenza illness occurrence explained by assays

  Case definition[^*a*^](#T2F1){ref-type="table-fn"} (*n*)                Proportion of treatment effect explained by assay                        
  ----------------------------------------------------------------------- --------------------------------------------------- ------ ------ ------ ------
  Laboratory-confirmed influenza associated with RI (*n* = 152/123)       0.82                                                0.97   0.85   1.32   0.58
  Laboratory-confirmed influenza associated with PD-ILI (*n* = 121/98)    0.95                                                1.13   1.12   1.81   0.75
  Laboratory-confirmed influenza associated with CDC-ILI (*n* = 52/48)    0.86                                                0.65   0.75   0.99   0.51
  Antigenically similar influenza associated with RI (*n* = 37/34)        0.48                                                0.47   0.32   0.49   0.53
  Antigenically similar influenza associated with PD-ILI (*n* = 30/28)    0.50                                                0.65   0.41   0.75   0.65
  Antigenically similar influenza associated with CDC-ILI (*n* = 18/17)   0.27                                                0.27   0.17   0.32   0.28

*n* indicates the number of cases. The first number is for the HAI vaccine virus assay, the second is for the other assays.

The extent to which pairs of assays taken together better explained the effect of treatment on influenza illness than each assay taken separately was assessed. The proportion of treatment effect explained by pairs of assays compared to the greater of the proportions explained by each singly, as well as the increase, is shown in Table S2 in the supplemental material. For the pair of HAI (circulating virus) and NT (circulating virus), the proportion explained by the pair together was slightly less than the proportion explained by either assay individually. For the pairs which included the N2 ELLA, however, the proportion explained was in every case greater than the proportion explained by either individually for all case definitions. The increase in proportion explained was greatest for the pairs of HAI (vaccine virus) and N2 ELLA and of NT (vaccine virus) and N2 ELLA but was also substantial for the pairs of HAI (circulating virus) and N2 ELLA and of NT (circulating virus) and N2 ELLA.

The estimated protection curves for the HAI assay using the circulating virus against the laboratory-confirmed influenza illness case definitions are shown in [Fig. 1](#F1){ref-type="fig"}. Estimates of the titer at which protection was 50% for all assays and case definitions are shown in [Table 3](#T3){ref-type="table"}.

![Protection curves for the A/Victoria/361/2011 HAI assay using the circulating virus against A/H3N2 illness by three laboratory-confirmed influenza (LCI) case definitions (defn.), showing titers for 50% and 80% protection, with 95% CIs.](zcd9990953200001){#F1}

###### 

Estimated titers for 50% protection against A/H3N2 influenza illness

  Case definition[^*a*^](#T3F1){ref-type="table-fn"} (*n*)                Titer for 50% protection[^*b*^](#T3F2){ref-type="table-fn"} (95% CI)                                                             
  ----------------------------------------------------------------------- ---------------------------------------------------------------------- ------------------- ----------------- ------------------- -------------------
  Laboratory-confirmed influenza associated with RI (*n* = 152/123)       359 (95.8, 574)                                                        44.7 (17.4, 62.1)   180 (17.2, 368)   ---                 93.0 (17.1, 184)
  Laboratory-confirmed influenza associated with PD-ILI (*n* = 121/98)    285 (69.6, 500)                                                        40.6 (10.5, 58.7)   141 (68.9, 238)   ---                 16.8 (11.3, 115)
  Laboratory-confirmed influenza associated with CDC-ILI (*n* = 52/48)    265 (131, 408)                                                         23.7 (7.4, 52.7)    ---               219 (82.9, 365)     16.8 (9.0, 103)
  Antigenically similar influenza associated with RI (*n* = 37/34)        437 (99.7, 1347)                                                       36.2 (12.3, 93.0)   ---               47.7 (25.8, 1163)   34.8 (18.7, 38.8)
  Antigenically similar influenza associated with PD-ILI (*n* = 30/28)    399 (83.2, 1273)                                                       22.4 (9.0, 44.8)    ---               47.3 (21.7, 696)    33.5 (14.3, 49.4)
  Antigenically similar influenza associated with CDC-ILI (*n* = 18/17)   203 (97.8, 302)                                                        23.7 (12.0, 52.7)   ---               196 (60.2, 257)     17.6 (10.3, 27.3)

*n* indicates the number of cases. The first number is for the HAI vaccine virus assay, the second is for the other assays.

---, goodness of fit of \<0.5.

For the HAI assay using the circulating virus, titers for 50% protection ranged from 22.4 to 44.7 for the different case definitions. For the HAI assay using the vaccine virus, titers for 50% protection ranged from 203 to 437.

Models with adequate goodness of fit were found for only 6 of the 12 combinations of neutralization test and case definition, and there was variability in the titers for 50% protection. There was less variability in the point estimates for 50% protection for the neuraminidase assay, though one case definition---laboratory-confirmed influenza associated with an RI---was an outlier.

Estimates of titers for 80% protection are shown in Table S3 in the supplemental material. The results broadly parallel those for 50% protection. For the HAI assay using the circulating virus, titers for 80% protection ranged from 27.5 to 83.3; for the HAI assay using the vaccine virus, the lowest titer for 80% protection was 271, and for two case definitions 80% protection was not achieved even at the highest titers. Similarly for the NT assay using the vaccine virus, for the two models with acceptable fit, 80% protection was not achieved; for the NT assay using the circulating virus and with acceptable fit, titers for 80% protection ranged from 151 to 221. For the N2 ELLA, titers for 80% protection were only slightly greater than those for 50% protection for three case definitions, suggesting rapidly increasing protection at these values.

The percentage of subjects with titers within the 95% CI for 50% protection is shown in Table S4 in the supplemental material, with a smaller percentage indicating better precision and greater utility of the estimate. In general, the proportion of subjects with titers falling within the 95% CI was large; for more than half the 24 combinations of assay and case definition with acceptable goodness of fit, the percentage of subjects falling within the 95% CI exceeded 50%. For two combinations, however---N2 ELLA and antigenically similar influenza associated with RI, as well as N2 ELLA and antigenically similar influenza associated with CDC-ILI---the percentage was less than 20%.

The vaccine efficacy of IIV-HD relative to that of IIV-SD, predicted by the estimated protection curves and compared with the efficacy observed among the subjects on whose data the estimates were based, is shown in Table S5 in the supplemental material. For 11 out of the 24 comparisons, predicted efficacy was within ±5 percentage points of observed efficacy; however, for three comparisons the difference exceeded 20 percentage points. In 16 instances the protection curve underestimated observed efficacy, and in 8 instances it overestimated observed efficacy.

DISCUSSION {#sec4}
==========

The improved immune response to IIV-HD relative to IIV-SD observed was consistent with previous findings both for HAI ([@B9], [@B11], [@B32]) and for neuraminidase ([@B33]); higher titers were also seen in this study for NT, with GMT ratios comparable to those seen for HAI.

Overall, all assays were strongly associated with reduction in influenza illness. In the aggregate, the strength of association for the NT assays closely approached the values seen for the HAI assays, and the ELLA was comparable with the HAI and NT vaccine strain assays in this respect.

All assays also had good surrogacy value. In terms of proportion of treatment effect explained, the NT assay could be said to have performed at least as well as the HAI assay in the results seen here. Prediction of observed efficacy was no worse for the ELLA than for the HAI assay. These results have particular relevance for the NT assay and ELLA, which are not referenced nearly as frequently as the HAI assay, and suggest they could potentially have utility similar to that of HAI for influenza vaccine correlates of protection, particularly with further refinement and additional, consistent quantification of protective titers.

An important result is that the estimated HAI titers for 50% protection in the elderly are closely similar to those that have been found for younger adults when the assay virus matches the circulating virus. The range of 22.4 to 44.7 found here may be compared with the range of 15 to 65 found by de Jong et al. ([@B13]), with the estimates of 17 and 29 in Coudeville et al. ([@B14]), and with the values of 15, 30, 32, 40, and 64 from various studies referenced by Plotkin ([@B34]). The results suggest that the generally accepted protective titer of 40 may reasonably be applied to the elderly as it is to younger adults.

Dramatically higher HAI titers were required to achieve the same level of protection when the assay virus was poorly matched to the circulating virus, and this was seen across the whole range of titers and levels of protection. At high titers, close to 100% protection was readily achieved against the matched virus, whereas 80% protection was sometimes not achieved even at the highest titers (up to 10,240) against the mismatched vaccine virus. Titers between 203 and 437 were required for 50% protection against mismatched virus. At low titers some measure of protection was seen against matched virus (similar findings have been reported elsewhere \[[@B14], [@B35], [@B36]\]) but none against mismatched virus (data not shown).

It might intuitively have been expected that markedly higher antibody titers would be required to protect against a virus mismatched to these antibodies, as was seen in these results. This could be the case, for instance, because higher titers may offset the lesser avidity of mismatched antibodies for the virus and thus may achieve the moderate levels of protection engendered by lower titers of matched antibody. However, somewhat surprisingly, the same pattern was observed for case definitions restricted to illnesses classified as antigenically similar to the A/H3N2 vaccine component, for which similar protective thresholds were expected for assays using the vaccine virus and the circulating virus. This may have resulted from limitations in the assay used for classifying the isolated viruses as antigenically similar, in the assay used for measuring the HAI responses, or both.

Overall, the results presented here suggest that HAI titers against circulating influenza viruses are useful predictors of influenza risk/protection in the elderly at thresholds similar to those previously described for younger populations. However, when the antigens used in HAI assays do not match the antigens of circulating influenza viruses, the HAI titer has limited value as a predictor of influenza risk/protection. This may be the case because the threshold titer associated with a level of protection is likely to vary with the antigenic distance between the virus/antigen used in the assay and the antigen contained in the circulating virus. As this antigenic distance increases, it would be expected that the thresholds for protection will also increase (with increasingly higher titers required for any given level of protection). Multiple studies would be required to establish the yet unknown correlation of the antigenic distance between assay and circulating viruses and the protective thresholds. Until then, the protective thresholds of titers obtained using assays not matching the circulating virus will be of limited value and will have questionable external validity.

The unexpectedly lower NT titers seen against the vaccine virus may have been due to a greater quantity of noninfectious particles in the vaccine virus preparation used in the assay than in the circulating virus preparation used, with the former having been sourced from the vaccine production process while the latter was laboratory prepared. Alternatively or additionally, the circulating virus, having been propagated in MDCK cells, may have been better adapted to infect the MDCK cells utilized in the assay.

The complementary action of neuraminidase antibody with the other assays was seen in the proportion of treatment explained analyses. Whereas the HAI and NT circulating virus assays taken together did not add to the proportion of treatment effect explained, all four combinations of the N2 ELLA with one of the HAI or NT vaccine or circulating virus assays improved the proportion explained above the value for each assay separately. This indicates that the ELLA is providing additional information about the vaccine effect beyond that provided by the HAI and NT assays and vice versa. This may be because the N2 ELLA is---at least partially---measuring antibodies with a different mechanism of action than that of the antibodies measured by the HAI and NT assays. Anti-NA antibodies are thought to prevent the release of newly formed viruses from an infected host cell, whereas anti-HA antibodies are thought to prevent viral attachment to the host cell ([@B37]). In addition, this finding suggests that immunity against NA may have added value for protection against influenza to immunity against HA. The role of anti-NA antibodies in younger populations had been described previously by other investigators ([@B19], [@B36], [@B38], [@B39]) and was seen here in older adults as well. This may have implications for the design of influenza vaccines, as exclusion of the NA antigen would preclude the induction of anti-NA immune responses that may complement the anti-HA responses in protecting individuals against influenza illness or modifying its severity ([@B40], [@B41]).

An individual assay readout may not only reflect the specific type of antibodies implied in the assay-related physiology and corresponding antibody mechanism of action but may also reflect other parallel mechanisms of action. As such, the surrogacy found for the N2 ELLA, for instance, is expected to be reflecting the anti-NA antibody effect as well as the anti-HA antibody to some extent, as individuals with good anti-NA responses may also have good anti-HA responses. The immune system operates through multiple mechanisms of action, and the extent to which a single assay captures only a single, unique immunological property or alternatively reflects multiple aspects of immunological protection, and the extent to which these lie in the causal pathway mediating protection or alternatively reflect differing degrees of robustness of the immune system in different individuals, is uncertain.

Despite the role that HAI, NT, and ELLA titers may have in the evaluation of influenza vaccines or influenza risk, the proportions of subjects falling within the 95% confidence intervals for 50% protection show that in general, the estimates did not reach a level of precision which would justify their use as a reliable surrogate for observation of clinical illness: for the majority of combinations of case definitions and assays evaluated, less than 50% of subjects could be reliably classified as protected or susceptible based on their individual postvaccination titers. This underlines a more general limitation of data from vaccine efficacy trials to investigate correlates of protection, namely, insufficient power. Even when samples for assaying are taken from all subjects, the sample size required for a reasonably precise estimate of a single variable, vaccine efficacy, provides insufficient information for an adequately precise estimate of the relationship between two variables, titer and illness. In other unpublished research, two of the authors of this paper have estimated that 1,000 to 2,000 cases might be required for a reasonably precise estimate of an influenza correlate of protection, compared to the 17 to 152 cases in these analyses (as shown in [Table 2](#T2){ref-type="table"}). In addition, inadequate power can result in random variability in the data, yielding spurious results. The small proportion of treatment effect explained for the antigenically similar influenza associated with CDC-ILI case definition would appear to be due to the small number of cases, 17, seen for this case definition and the possibly spuriously high treatment effect observed for this case definition among assayed subjects, equivalent to relative efficacy of 71.5% (see Table S5 in the supplemental material). Inadequate power means that results of statistical analysis can only be interpreted as exploratory rather than confirmatory.

Natural variability between individuals means that at any given titer some will be protected and some not, and if protection does in fact increase with titer, the proportion protected will increase in a smooth, continuous manner. Thus, protection curves are more likely to represent the underlying relationship between assay and protection than a single-valued protective titer.

A further limitation of the methods is illustrated by the imperfect prediction of observed vaccine efficacy. Although no assays were demonstrated to have failed to meet the Prentice criterion---statistically significant differences between treatment groups were not seen when assay was included in the model---the pooling across groups masks small differences between them. Models with separate protection curves for each group would precisely predict vaccine efficacy but would require an additional parameter, further reducing precision. On the other hand, assays using mismatched viruses were not dramatically worse at predicting efficacy than other assays, suggesting that the ability to predict vaccine efficacy may be principally a characteristic of the statistical models used rather than of the assays modeled.

An additional limitation is the generalizability of the results to other settings. The results are specific to the influenza subtype (A/H3N2), the particular strain (A/Victoria/361/2011), and the assay protocols. Without confirmation, the results may not be generalizable to other subtypes, strains, and protocols. On the other hand, the study subjects could likely be considered generally representative of the population of U.S. persons ≥65 years of age with respect to their demographic characteristics, health status, immunological history, and source of infection.

In conclusion, the study suggests the utility of HAI and NT assays and ELLA as potential correlates of influenza vaccine protection in older adults, with likely added value obtained when two or more assays targeting distinct physiologic mechanisms are combined. Protective thresholds for the HAI assay in the elderly appear consistent with those previously described for younger adults, provided the assay virus matches the circulating virus. The thresholds estimated for protection are of suboptimal precision, limiting their utility for confidently classifying specific individuals as at risk for or protected against influenza. As the study was particular to a single influenza season, a single influenza subtype, and a single influenza strain, it is unknown whether the results can be generalized. Further studies would allow the confirmation of the role of these assays when used singly or in combination as correlates of protection against influenza in the elderly population.
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